Abstract. Maneuverable, high aspect ratio poly 3-4 ethylene dioxythiophene (PEDOT) fibers are fabricated for use as cellular force probes that can interface with individual pseudopod adhesive contact sites without forming unintentional secondary contacts to the cell. The straight fibers have lengths between 5 and 40 m and spring constants in the 0.07-23.2 nN m -1 range. The spring constants of these fibers were measured directly using an atomic force microscope (AFM). These AFM measurements corroborate determinations based on the transverse vibrational resonance frequencies of the fibers, which is a more convenient method. These fibers are employed to characterize the time dependent forces exerted at adhesive contacts between apical pseudopods of highly migratory D. discoideum cells and the PEDOT fibers, finding an average terminal force of 3.1  2.7 nN and lifetime of 23.4  18.5 s to be associated with these contacts.
Introduction
Pseudopod-facilitated motility is a critical aspect of the amoeboid migration exhibited by D. discoideum, neutrophils, T lymphocytes [1] , and other highly migratory cells [2] . These cells crawl at rates as large as ~30 m min -1 to forage for micro-organisms and antigens in their local environments [3] . To achieve such high speeds, the cells must adhere to and release the supporting substrates quickly. Pre-aggregative (i.e. migratory) D. discoideum, for example, were recently reported to form adhesive contacts (called actin foci) that form and decay on ~20 s time scales [4] . The short-lived nature of these contacts differs significantly from the ~20 min lifetimes of the focal adhesion complexes used by slow-migrating cells like keratinocytes and fibroblasts [5] . In contrast to focal adhesion complexes, which have been intensively studied at the single complex level for over a decade [6] [7] [8] , comparatively little is known about the adhesive structures and dynamics of highly migratory cells.
The amoeboid paradigm of cellular movement [9, 10] essentially consists of reception of stimuli (e.g. a signaling molecule at a cell-surface receptor) followed by the localized protrusion of exploratory appendages, such as pseudopods, from the cell. A typical pseudopod [figure 1(a)] is a few microns in length and has a submicron tip size. A cell may protrude many pseudopods at a given time. Commonly, the pseudopod will adhere its foremost tip to the local substrate [9] [10] [11] . Contraction of the actin cytoskeleton along the pseudopod-axis (by molecular motors) pulls the cell towards the adhesive contact.
The molecular-level mechanisms by which pseudopods adhere to substrates for both D. discoideum and amoeboid leukocytes are not known [12, 13] . However, these are the first contacts that the cell makes with the anterior substrate, and the traction forces exerted against the substrate at these sites dictate the cell's instantaneous direction-of-migration. Hence, they are a key aspect of amoeboid motility.
Characterization of the dynamical forces exerted at these contacts would constitute a key step towards resolving the potential energy surface associated with the adhesion and, ultimately, controlling the transient adhesive contact mechanism in highly migratory cells.
A variety of methods are used to characterize the forces that cells exert at their adhesive substrate-contacts. The deformable substrate technique measures cell-induced wrinkling or markerdisplacement within an elastic substrate [14] . This approach does not directly measure the forces exerted at the individual contacts, but rather extracts them by modeling the deformation-map induced by the whole-cell. This can be a non-trivial undertaking [15] . Approaches that utilize atomic force microscopy (AFM) provide excellent resolution of the dynamical forces exerted between cells and substrates [16] .
Single-cell force spectroscopy [17] entails the attachment of a living cell to an AFM cantilever that is then lowered into contact with a substrate. The substrate is typically functionalized with a ligand of interest (e.g. fibronectin) [18, 19] . The force on the AFM cantilever is then measured as the cantilever-cell unit is retracted from the substrate. This method has shed light on a wide range of ligand-receptor adhesive interactions [20] [21] [22] , as have the conceptually similar biomembrane force probe [23] and laser trap [24] methods. A challenge for such cell-as-probe techniques lies in minimizing the contact area to a single, cell-initiated adhesive contact: that between a pseudopod tip and a substrate, for example.
What is needed is a long, thin probe that can interface with targeted sites, such as the adhesive contacts of pseudopods, without forming unintentional secondary contacts to the cell. Therefore, this study presents a methodology for fabricating and calibrating high aspect ratio PEDOT fibers for use as cellular force probes. These cantilevers are an improvement over on-chip PEDOT force sensors reported recently [25] because these cantilevers are considerably easier to calibrate, and they may be maneuvered independently around a cell and, permitting both lateral and apical (topside) targets on the cellular surface to be probed. This capability enables interrogation of the off-plane, pseudopod-facilitated motility that occurs in nature when amoeboid cells migrate through 3D matrices. 
Experimental Methods
Direct characterization of a ~400 nm wide pseudopod [see figure 1(a)] requires a probe of comparable dimension. The probe should also have a sufficiently high aspect ratio to allow it to cleanly reach a targeted site without forming unintentional, secondary contacts with the cell. To meet these requirements, we have fabricated cantilevered force sensors composed of poly(3,4-ethylene dioxythiophene) (PEDOT) fibers grown from the tips of etched tungsten wire. The bottom 5 mm of a vertically oriented, electrically grounded tungsten filament (0.019 in diameter, SmallParts) were electro-etched by repeated dipping over a ~4 min period into a 10 M NaNO 2 6MKOH solution that was biased at +4 V, as described elsewhere [26] . This procedure yields conical tips with radii-of-curvature of ~1 m or less. Reproducibility was optimized by using a sewing machine to cycle the filament in and out of solution at a rate of ~10 s -1 . We used the simple polymerization technique directed electrochemical nanowire assembly (DENA) to grow the PEDOT fiber from the tip of the tungsten filament [27] [28] [29] . Briefly, the tungsten filament was first evaporatively coated with ~200 nm of Au to promote strong attachment of the polymer. polymerization [30] . As explained elsewhere, the voltage-frequency sets the average radii of the fibers during growth [30] , but spatio-temporal fluctuations in the polymerization rate of the amorphous PEDOT material give rise to radial variation (~50%) about the mean radius [28, 29] . The voltage signal is terminated after a few seconds when the PEDOT nano-fiber reaches the desired length. Translation of the microscope stage pulls the solution-drop away from the nano-fiber, straightening it due to the tension at the air-filament-solution contact line. The nano-fibers retain their straightened geometries upon reimmersion in aqueous solution. A scanning electron micrograph of a typical straightened nano-fiber is shown in figure 1(c).
We have used an atomic force microscope (AFM, Model: MFP-3D, Asylum Research) to directly measure the spring constants k F of the PEDOT fibers, as detailed elsewhere [25] . Briefly, this was done by lowering a calibrated AFM cantilever (CSC12/tipless, MikroMasch) of spring constant k C against an individual fiber in order to deflect it by distance z, as illustrated in figure 2(a) and plotted in figure 2(b) [31] . When the opposing forces exerted by the fiber and the cantilever are equal in magnitude, the following expression relates the spring constant of the fiber to the measured quantities [32, 25] :
 c is the deflection of the cantilever and L is the length of the fiber. The tilt angle  of the AFM cantilever was 11 o for all cases in this study. The position of contact from the end of the fiber L was measured via an internal optical microscope in the AFM. We have also determined the spring constants of the PEDOT cantilevers by the resonancefrequency method, which is technically simpler than the AFM method [33] . To measure the resonance frequency of a PEDOT fiber, we position this single PEDOT cantilever ~10 m from an Au counterelectrode. A ± 20 V square wave voltage-signal of frequency f and a +20 V DC offset are applied to the PEDOT cantilever while the Au electrode is grounded [34] ; polarization forces drive transverse oscillation of the PEDOT fiber at this frequency. A bright field image of a cantilever resonating in its fundamental mode is shown in figure 2  m is the mass density of the fiber material (PEDOT) and E its Young's modulus. (2) was derived by using the expression for  0 of a radially uniform rod Type KAx3 D. discoideum cells [36] , grown at 24 o C, were removed from HL-5 culturing medium by drawing 1000 L of the cell-medium suspension from a Petri dish and centrifuging the aliquot for ~10 s at 1.34  10 3 g. The supernatant was discarded and the cells were washed two times with 12 mM phosphate buffer and shaken before suspending the cells a final time in phosphate buffer and starving them for 4-6 hours. 50 L volumes of cell suspension and phosphate buffer were deposited in the sideview imaging chamber described below. A waiting time of ~20 minutes, following cell deposition, was required for the cells to settle and begin migrating on the surfaces of the chamber.
To facilitate investigation of apical pseudopods, which are important for amoeboid migration through 3D matrices, cells were visualized in profile so that the size, shape and cellular location of the pseudopod-fiber contact could be clearly observed. This mode requires that the imaging plane of the microscope be perpendicular to the substrate on which the cell crawls. Our set-up for realizing this perspective, which differs from that reported elsewhere [37] , is diagrammed in figure 3(a) . Briefly, a hole was bored in the base of a Petri dish (Fisherbrand) using a 7/32" drill bit at 990 rpm; these parameters minimized lip and sidewall roughness (~3 m). A cover-slip was cemented to the underside of the dish to seal the hole. D. discoideum cells were cultured and introduced to the chamber at cell surface densities of The apical pseudopod indicated by the arrow is 2.5 m long and ~400 nm wide. Scale bar = 10 m.
Results
We have directly measured the spring constants of 15 different PEDOT fibers by using an AFM as
, L, and L values were substituted into (1) to obtain the corresponding k F determinations. Each fiber was characterized 3 times. The average of the three k F determinations is denoted F k . All quantities required to make these spring constant determinations are reported in Table 1 (fibers 1-15). Figure 2(c) shows a PEDOT fiber (23 in Table 1 ) resonating in its fundamental mode at 90 kHz.
(It also resonates in its harmonic modes, as the insets show, demonstrating its strong elastic character). the agreement is excellent. Hence, the resonance frequency calibration method, though approximate, is sufficiently accurate to justify forgoing the somewhat laborious AFM method. Fibers 16-24 in Table 1, several of which were too compliant for the AFM method, were characterized using the resonance frequency method.
The inset to figure 4(a) depicts two spring constant distributions corresponding to two sets of fibers grown with different frequencies of the alternating voltage to approximately the same lengths. As described elsewhere [30] , the frequency of the alternating voltage sets the average radii of the fibers, with higher frequencies producing thinner fibers. One distribution (unfilled vertical bars) describes 14 fibers grown using a frequency of 10.0 kHz to a length of 23. 
Discussion
This study presents methodology for fabricating cantilevered cellular force sensors composed of PEDOT fibers grown from maneuverable substrates. The diameter and length of a fiber are user-controlled during the growth process and, consequently, the spring constants of the fibers may be controlled across reasonably narrow ranges as shown in the inset to figure 4(a). These force sensors are calibrated either by measuring the fibers' spring constants directly via AFM or, more conveniently, by finding their resonance frequencies for transverse vibration. The near-unity slope of figure 4(a) implies that the resonance frequency calibration method [i.e. equation (2)], though approximate, is sufficiently accurate to forgo the more laborious AFM method. In applying (2) to the PEDOT fibers, we assume that the fiber bends like a hypothetical uniform fiber having a particular radius and vibrates like a uniform fiber of the same radius.
However, the PEDOT fibers are radially non-uniform [inset of figure 1(c) ]. For structurally non-uniform cantilevers, this assumption is not strictly true. The spring constant and the resonance frequencies of a cantilever are derived from different forms of Newton's 2 nd Law: for the former, there is no net torque on the fiber; for the latter the net torque varies periodically with time. Hence, it is somewhat fortuitous that the resonance-based spring constant determinations were found to be accurate [ figure 4(a) ]. The theoretical analysis required to quantify the limits of this approximation lies beyond the scope of this work. However, because the resonance-method is in wide use in the calibration of micro-and nanocantilevers, we feel that elucidation of the limits of this assumption is needed, and will present such an analysis in a forthcoming work.
Because the fibers are radially non-uniform and somewhat axially asymmetric, concern over the anisotropy of their spring constants arises. predicts k F to a reasonable degree of accuracy (discussed above), this finding implies that the spring constants in orthogonal bending planes are essentially the same; thus, we do not observe a significant degree of bending anisotropy. A related concern is that the fibers grow unevenly, causing their foremost tips to have different average radii than their bases. A radially uniform fiber has a resonance frequency of suggesting that the adhesive structures at the apical pseudopod-tips may be actin foci. However, no external forces were applied to the actin-foci in this prior study (although internal forces could have been present) [41] . This detail is significant because the application of a force against a bond accelerates the dissociation rate of the bond [42] . Hence, when a pulling force is applied against an actin focus, it is expected to decay more rapidly than the 19.4 s average lifetime in the unforced case. On the other hand, apical contacts can survive for 23.4 s under few nano-Newton external forces [figures 6(a) and (b)]. This comparative robustness is expected to increase the probability that apical contacts survive while the preexisting basal contacts (actin foci) decay, as required for inter-substrate (basal-to-apical) transfer. Further investigation into this mechanism will be undertaken in a future study.
Conclusion
This study has presented an innovative methodology for the electrochemical fabrication of cellular force sensors composed of cantilevered PEDOT fibers. Calibration of the force sensors is straight-forward via measurement of the transverse resonance frequencies of the fibers. By employing these fibers to characterize the dynamics of apical pseudopod-substrate adhesive contacts of D. discoideum cells, we have shown that these cantilevers are effective, high aspect ratio cellular force probes that may be positioned independently around the cell and can interface with sub-micron targets without forming unintentional secondary contacts to the cell. These capabilities will permit further statistical characterization of the durations and magnitudes of the forces exerted at individual apical and lateral pseudopod substrate contacts, as a means of elucidating the physical basis of pseudopod-substrate adhesion. We also note that the dimensions and maneuverability of the PEDOT force probes will likely permit characterization of the dynamics at other interesting adhesive entities such as the setae and spatulae of gecko feet [43] and the micro-bristles of beetle tarsi [44] , which have dimensions comparable to D. discoideum pseudopods.
